1. We have explored following series of platinum acetylides with different substitution-and construction motifs showing high ultrafast optical nonlinearity studied the relevant 2PA spectra vs structure relations (joint effort with U of Florida team Kirk Schanze, Galyna Dubinina and AFRL Tom Cooper group):
i.) Record high 2PA in phenylene vinylene (PPV) platinum(II) acetylides. We designed, synthesized and carried out a detailed photon physical study of a new series of Pt acetylides complexes based on 4,4'-bis(diphenylamino) stilbene (BDPAS) and 4,4'-bis(diphenylamino) distyrylbenzene (BDPADSB) structural. The complexes exhibit in THF solution very high twophoton absorption (peak cross section values σ 2~1 0 4 GM) as measured both by femtosecond 2-photon excited fluorescence (2PEF) method as well as by the newly developed femtosecond nonlinear transmission (NLT) method. The prodigious 2PA cross sections span a broad range of wavelengths, 570−810 nm, which overlaps favorably with the triplet excited state absorption, thus facilitating efficient dual-mode power limiting [1] [2] [3] . The properties were preserved in PMMA monoliths at moderate concentratioins [4] .
ii.) Inversion symmetry breaking in nominally quasi-centrosymmetric fluoren-based Ptcomplexes.
trans-bis-(tributylphosphine)-bis-(4-((9,9-diethyl-7-ethynyl-9H-fluoren-2-yl) ethynyl)-R)-platinum complexes, where eleven different substituents, R = N(phenyl) 2 (NPh 2 ), NH 2 , OCH 3 , t-butyl, CH 3 , H, F, CF 3 , CN, benzothiazole (BT) and NO 2 , represent a range of electron-donating (ED) and electron-withdrawing (EW) strengths, while the Pt-core acts as a weak ED group. 2PA cross section in the 540-810 nm excitation wavelength range measured by complementary femtosecond 2PEF and NLT methods show that the peak 2PA cross sections of neutral-and ED-substituted Pt-complexes occur at S 0 →S n transitions to higher energy states, above the lowest-energy S 0 →S 1 transition, and the corresponding values increase systematically with increasing ED strength, reaching maximum value,  2 ~ 300 GM (1 GM = 10 -50 cm 4 s) for R = NPh 2 . At transition energies overlapping with the lowest-energy S 0 →S 1 transition in the onephoton absorption (1PA) spectrum, the same neutral-and ED-substituted Pt-complexes show weak 2PA,  2 < 30-100 GM, which is in agreement with the nearly quadrupolar structure of these systems. Surprisingly, EW-substituted Pt-complexes display a very different behavior, where the peak 2PA of the S 0 →S 1 transition gradually increases with increasing EW-strength, reaching value up to,  2 = 700 GM for R = NO 2 , while in the S 0 →S n transition region the peak 2PEF cross section decreases, indicating breaking of inversion symmetry [5, 6] .
iii.) 2,5-bis(dodecanoxy) phenyleneethynylene-butadiyne (DAc) pt-complexes with 2, 4, 6 and 8 phenyl rings (synthesis Tom Cooper/AFRL and other international collaborators); The largest cross-section (5000 GM) was obtained for the DAc octamer [7] ; iv.) Au(I) and Pt(II) acetylide complexes of a thienyl-carbazole chromophore (Kirk Schanze) π-conjugated oligomers of the type ET-CBZ-TE (E = ethynylene, T = 2,5-thienylene, Cbz = 3,6-carbazole) that feature Au(I) or Pt(II) acetylide "end groups", as well as a Pt(II)-acetylide linked polymer (CBZ-Au-1 and CBZ-Pt-1, CBZ-Poly-Pt). Peak 2PA cross section measured by NLT method reached 800-1000 GM at 550 nm [8] ;
v.) We studied the 2PA spectra of a series of linear Pt-capped phenylene ethynylene oligomers (synthesis Kirk Schanze) [9] ; vi.) Comparison of cis and trans stereoisomers of Pt-core phenylethynyl phenylethynylene (PE2), diphenylaminofluorene (DPAF), and benzothiazolefluorene (BTF) (synthesis Kirk Schanze) [10] . 2PA spectra measured by NLT method show that both isomers show similar 2PA spectra and peak cross section values; 2. New near collimated beam technique for high-accuracy measurement of femtosecond nonlinear transmission. We have developed a newexperiment for measuring the intensitydependent transmission of 2PA chomophores in a broad range of wavelengths. This technique offers a very high accuracy (~0.02% transmission change) and is of particular importance for characterization of the 2PA in Pt-complexes and other compounds with low fluorescence emission . As a preliminary demonstration of this new technique we have measured the intrinsic 2PA spectra and the 2PA cross sections of some known chromophores that have been previously characterized by the fluorescence method.
3. We have explored structure-property relationships in an extensive library of porphyrins and porphyrin dimers with expanded -system. This data provides crucial insight into the push-pull 2PA-enhancement mechanism. Following systems were studied in detail:
i.) Amplified two-photon absorption in trans-A2B2-porphyrins bearing nitrophenylethynyl substituents [11] . We show that peripheral nitro groups enhance the maximum two-photon absorption cross section of trans-A2B2-porphyrins bearing two phenylethynyl substituents by more than one order of magnitude. Maximum values as high as 1000 GM result from realization of suitable conditions for effective resonance enhancement along with a lowering of the energy and intensification of the two-photon allowed transitions in the Soret region;
ii.) Symmetrically-and non-symmetrically meso-substituted porphyrins with ultimate solubility [12, 13] .
iii.) Fused porphyrin dimers (porphyrin tapes) synthesized by (Anderson, U. of Oxford) [14] ; iv.) -conjugated porphyrin oligomers and polymers [15] (Gruko, Anderson); 4. New model to explain vibronic enhancement in the 2PA spectra [16] . The model is based on Herzberg-Teller expansion of the permanent electric dipole moment difference, and allows to quantitatively explain why the peak 2PA cross section of the first vibronic component (0-1) is often higher in value than the corresponding vibration-less component (0-0) of the same electronic 2PA band.
Summary and detailed description of results
3.2.1. Phenylene vinylene platinum(II) acetylides with prodigious 2-photon absorption [1, 2] . A series of cross-conjugated platinum(II) acetylide complexes that contain extended p-(phenylene vinylene) chromophores were synthesized and characterized. The complexes exhibit very high femtosecond 2-photon absorption (2PA) cross-section values ( 2PA up to 10,000 GM), as measured by nonlinear transmission (NLT) and two-photon excited fluorescence (2PEF) methods. The large 2PA cross section values span a broad range of wavelengths, 570 -810 nm, and they overlap with the triplet excited state absorption. Spectral coincidence of high cross-section 2PA and triplet absorption is a key feature giving rise to efficient dual-mode optical power limiting (OPL). Fig. 1 shows 2PA spectra of seven new Pt-acetylide complexes (TPV0, TPV1, TPV2, TPV1-Ph, TPV2-T2, crossTPV1 and crossTPV3) corresponding three different ligand chromophores (TPV0-Ligand, TPV1-Ligand and TPV2-Ligand) measured by 2PEF method (red symbols) and NLT method (blue symbols). Linear extinction spectra(solid line) are shown for comparison. Note very good qualitative correspondence between the two measurement methods. TPV2, TPV1-Ph, TPV2-T2, crossTPV1 and crossTPV3 exhibit prodigious two-photon absorption (peak cross section values σ 2 ~10 000 GM) in a broad range of wavelengths, 570−810 nm, which also overlaps with the measured triplet-triplet excited state absorption, thus facilitating efficient dual-mode power limiting. To our knowledge these are the most efficient 2PA absorbing Ptcomplexes reported so far. 3.2.2. We studied instantaneous 2PA in a series of nominally quasi-centrosymmetric trans-bis-
complexes, where eleven different substituents, R = N(phenyl) 2 (NPh 2 ), NH 2 , OCH 3 , t-butyl, CH 3 , H, F, CF 3 , CN, benzothiazole (BT) and NO 2 , represent a range of electron-donating (ED) and electron-withdrawing (EW) strengths, while the Pt-core acts as a weak ED group. Fig. 2 shows the 2PA spectra measured in the 540-810 nm excitation wavelength range by complementary femtosecond two-photon excited fluorescence (2PEF) and nonlinear transmission (NLT) methods. The peak 2PA cross sections of neutral-and ED-substituted Pt-complexes occur at S 0 →S n transitions to higher energy states, above the lowest-energy S 0 →S 1 transition, and the corresponding values increase systematically with increasing ED strength, reaching maximum value,  2 ~ 300 GM for R = NPh 2 . At transition energies overlapping with the lowest-energy S 0 →S 1 transition in the one-photon absorption (1PA) spectrum, the same neutral-and EDsubstituted Pt-complexes show weak 2PA,  2 < 30-100 GM, which is in agreement with the nearly quadrupolar structure of these systems. Surprisingly, EW-substituted Pt-complexes display a very different behavior, where the peak 2PA of the S 0 →S 1 transition gradually increases with increasing EW-strength, reaching value up to,  2 = 700 GM for R = NO 2 , while in the S 0 →S n transition region the peak 2PEF cross section decreases. We explained this effect by breaking of inversion symmetry due to conformational distortions associated with low energy barrier for ground state rotation of the ligands. values. Good correlation indicates that a twist around just one bond may be responsible for already introducing enough distortion to break quasi-inversion symmetry. Other conformations not considered here may be also contributing to dipolar behavior of Pt-complexes with EWligands. 3.2.3. Fig. 4 shows the structure (left panel) and 2PA spectra (right panel) of 2,5-bis(dodecanoxy) phenyleneethynylene-butadiyne (DAc) series with 2,4,6 and 8 phenyl rings. The largest cross section (5000 GM at 740 nm) is obtained for the DAc octamer [7] . 3.2.4. Au(I) and Pt(II) acetylide complexes of a thienyl-carbazole (CBZ) chromophore [7] (synthesis Kirk Schanze group). To better understand the photophysics and NLO properties of carbazole containing π-conjugated oligomers of the type ET-CBZ-TE (E = ethynylene, T = 2,5-thienylene, Cbz = 3,6-carbazole), a detailed investigation was carried out on a series of oligomers that feature Au(I) or Pt(II) acetylide "end groups", as well as a Pt(II)-acetylide linked polymer (CBZ-Au-1 and CBZ-Pt-1, CBZ-Poly-Pt). Fig. 5 shows the femtosecond 2PA spectra measured by the NLT method. The 2PA cross section in the degenerate S 0 →S 1 transition region is in the range 10-100 GM, and increased monotonically toward shorter wavelengths, reaching 800-1000 GM at 550 nm.; 3.2.5. Platinum capped phenylene ethynylene oligomers (synthesis Kirk Schanze) [9] . Fig. 6 shows the 2PA spectra of linear Ph x -Pt 2 complexes measured with NLT method. First we observe that the maximum  2 increases more or less in proportion with the chain length and that the characteristic ratio,  2 /molecular mass ~1 (typical value for conjugated systems). Comparison of the 2PA and 1PA spectra and the fact that 2PA in the lowest S 0 -S 1 transition is weak seems to indicate that the center of inversion is preserved. It is also interesting that the smallest chromophore in the series, Ph 1 Pt 2 , has higher 2PA activity than benchmark PE2 chromophore (one Pt in the middle with two Ph rings attached) that we have measured before with the same method. 3.2.6. Pt-core stereoisomers. Three cis platinum(II) acetylide complexes: phenylethynylene (PE2), diphenylaminofluorene (DPAF), and benzothiazolefluorene (BTF) were characterized under one-and 2-photon conditions against the known trans analogs. The heavy metal platinum centers in both geometries give rise to efficient intersystem crossing to the triplet manifold. The peak cross section of the pronounced 2-photon allowed transition (Fig. 7) at 600 -650 nm of the cis-DPAF and cis-BTF complexes is  2 =520 GM and  2 =1200 GM. These values constitute respectively 40% and 85% decrease compared to the peak values in the corresponding transgeometries, which allows us to conclude that the stereochemistry does affect the conjugation through the Pt core. 3.2.Femtosecond nonlinear transmission of thick solid samples [1, 4] . Qualitative improvement of measuring intensity-dependent nonlinear transmission (NLT) was achieved by developing a new technique using nearly collimated (i.e. very long Rayleigh range) excitation laser beam. This allows measurements of samples with practically unlimited thickness. The larger beam size (0.3 -1 mm diameter) allows measuring samples that are not of ideal optical quality. We are currently able to measure NLT spectra in 540 -1300 nm range. Fig. 9 shows the experimental scheme (left panel) and 2PA spectra (right panel) measured in a stack of solid polymer samples with total path length ~3 cm. To conclude this subsection we note that, as a result of recent technical improvements in femtosecond 2PA spectroscopy, we are able to ease the bottleneck that has existed for years in characterizing newly synthesized compounds world-wide.
3.3. Conjugated porphyrins 3.3.1. We show that peripheral nitro groups enhance the maximum two-photon absorption cross section of trans-A 2 B 2 -porphyrins bearing two phenylethynyl substituents by more than one order of magnitude [11] . Maximum values as high as 1000 GM result from realization of suitable conditions for effective resonance enhancement along with a lowering of the energy and intensification of the two-photon allowed transitions in the Soret region. The chromophores were synthesized by Daniel Gryko (Organic Chemistry Institute Polish Academy of Sciences) and Harry Anderson (University of Oxford). We are interested in the origin of the 2PA-allowed transitions that in many cases appear in the transition energy region above the Q-bands but below the Soret band. So far identification of these transitions has been a problem because as a rule in the corresponding 1PA spectra there are usually only very weak features. Fig. 11 shows the 2PA spectra and the cross sections of four new porphyrins with phenyl moiety attached through triple bond in two opposite meso-positions. The 2PA data shows no strong features in the 900-1100 nm laser wavelength region. This shows that attaching two phenylene-acetylene groups alone does not lead to the characteristic changes in the 2PA that we do observe when thriphenylamino ending groups are attached. Note however that symmetrical end-capping with EW groups (NO 2 ) enhanced the 2PA by an order of magnitude at 850 -900 nm. 3.3.2. Our goal was to explore porphyrins with extreme solubility [12, 13] . For this purpose a large and diverse library of trans-A2B2 and A2BC-porphyrins possessing two arylethynyl substituents at the meso positions was synthesized. All compounds fall in three general types A-π-A, D-π-D or D-π-A, where A is an electron-acceptor and D is an electron-donor moiety. These porphyrins contain two polyalkoxyaryl substituents, resulting in very low melting points (typically 110-125°C) and superb solubility in non-polar solvents. Some of these porphyrins exhibit two different crystal phases in addition to an isotropic liquid state. Their linear and nonlinear optical properties were thoroughly elucidated and analyzed. π-Extended porphyrins emit light in the NIR and have moderate triplet state lifetimes. The increase of 2PA cross-section in the Soret region for porphyrins bearing strongly electron-donating groups has been attributed to resonance enhancement (caused by intensification, red-shift and broadening of lowest Q-band) of geradegerade transition. The combination of high two-photon absorption cross-section and low melting points makes them perfect candidates for nonlinear optical materials for the 600-900 nm range. 3.3.3. Out next goal was to explore effect of fused porphyrin dimers on NLO propoperties [14] . We reported the synthesis of 7 new para-phenylene-bridged zinc porphyrin dimers (Anderson) with enhanced 2PA efficiency. A variety of links were tested for holding the paraphenylene bridges in -conjugation with the porphyrin rings. Structure of these restraining links strongly influences the properties of the porphyrin dimers. The keto-linked dimer exhibits a long-lived singlet excited state and relatively strong fluorescence at 960 nm (1.7% quantum yield) in contrast to most previously reported conjugated porphyrin tapes, which are essentially non-emissive. Replacement of the cross-conjugated keto links by directly conjugated C-C bonds eradicates the fluorescence and shifts the absorption maximum to 1077 nm. On the other hand, replacement of the keto links with nonconjugated CPh2 links confers fluorescence at 736 nm (10% quantum yield) and results in remarkably similar one-and 2-photon absorption behavior to that of mesomeso ethynylene-bridged porphyrin dimers (peak two-photon cross section:  2 =7,300 GM at 878 nm). Cross-conjugated keto links do more than just hold the para-phenylene bridge coplanar with the porphyrins; they reduce the HOMO-LUMO gap, although to a lesser extent than direct -conjugated links. Planarized para-phenylene bridged porphyrin dimers provide insights into the relationship between previously investigated classes of conjugated porphyrin oligomers, and they open up possibilities for the synthesis of new types of near-IR two-photon absorbing dyes. Fig. 13 shows the linear extinction (a) and 2PA spectra (b) of fused dimer (dimer 6) and its non fused analog (dimer 2a). 3.3.3. Two-photon absorption in butadiyne-linked porphyrin dimers and torsional and substituent effects [15] . Eight π-extended bis-porphyrins possessing butadiyne-link were prepared using two synthetic strategies. Central unit was further extended via two additional arylethynyl moieties. All substituents were carefully designed to ensure both diverse electron effect and good solubility. We investigated structure-property relationships for optimising the performance of these meso-meso butadiyne-linked porphyrin dimers. The peak 2PA cross sectionsincreased from 3,000 GM to 17,000 GM by attaching terminal electron-withdrawing or -donating groups. We also investigated the influence of torsional angle about the central butadiyne-link on the 2PA spectra. The two-photon excited fluorescence spectra of porphyrin dimers in viscous media, under conditions such that excited states do not planarise prior to emission, reveal that dimers in planar conformations dominate the two-photon absorption. 3.4. New model for vibronic amplification of 2PA in non-symmetrical (dipolar) chromophores [16] . Previously it has been assumed that in non-symmetrical molecules, where the parity selection rules are relaxed, the 2PA and 1PA spectra should be closely related to each other. Even though this assumption is generally valid for the lowest energy 0-0 transition of dipolar organic chromophores, it has been observed that the vibronic distribution may still be quite different, which constitutes a long held puzzle for two-photon spectroscopy. Fig. 16 shows one such example where there is a marked difference in the S 0 →S 1 transition region (460 -540 nm) of a common dye Rhodamine B. In the 1PA spectrum the 0-0 transition is stronger than the accompanying 0-1 vibronic peak, whereas in the 2PA spectra the situation is reversed, i.e. the 0-1 component is larger than the 0-0 component. Furthermore, the corresponding vibrational frequency is also slightly but distinctly different. The relative intensity of the 0-0, 0-1, etc components of 1PA spectra (vibronic progression) are usually well explained by the so-called Frank-Condon (FC) factors, which are proportional to the overlap matrix elements between vibrational wave functions in the ground-and excited electronic state, while the transition dipole moment  e (superscript e denotes electronic part of dipole) matrix element, is considered independent of the vibrational degrees of freedom (Condon approximation).
In the literature there is a well know example of benzene, where the vibronic component of the 2PA spectrum is amplified with respect to the 0-0 component. This relative amplification occurs in benzene because due to symmetry selection rules the 2PA cross section vanishes for the 0-0 component, while the 0-1 transition becomes partially 2PA-allowed. The last is explained because the transition dipole matrix elements connecting the ground state to vibrationally-excited levels in the excited electronic states may become slightly allowed by coupling to the vibrational coordinate (Herzberg-Teller or so-called non-Condon effects).
The origin of different vibronic intensities in non-centrosymmetrical chromophores has remained a puzzle because here the 2PA transition is already fully allowed, and it is thus reasonable to assume that a small additional contribution that may result from the Herzberg-Teller type interaction should not lead to any significant change of the 2PA vibronic progression. Indeed, if one assumes that the probabilities of 1PA and 2PA mostly depend on exactly the same transition matrix elements, then one would expect a very similar vibronic progression in both cases. Fig. 16 and several other experimental data suggest, however, that this is not the case.
Could there be some additional electronic molecular parameter that is coupled to vibrational degrees of freedom but which does not directly manifest in 1PA? We propose that this is the permanent electric dipole moment difference between the ground-and excited electronic states,  e . Our model assumes that the main contribution to the 2PA tensor (S e ) in the lowest dipole allowed transition is due to the factor: 
and that all other contributions (sum over all other states) are much smaller in value and may be discarded. 
In other words, we apply the Herzberg-Teller type expansion not to the transition dipole moment,  e , (as was the case in benzene) but rather to the permanent dipole moment matrix element.
After taking the matrix element of S e between vibrational wave functions of the ground and excited states, and taking the modulus squared, we arrive at the final expression for the 2PA spectrum for the transition between electronic states g and f (without taking into account possible interference between Frank-Condon and Herzberg-Teller terms): 
where  2 is the 2PA cross section,  fg is the optical transition frequency of the 1PA (0-0) maximum,  is the twice laser frequency, A is a constant, (x) is the delta function, n k is the number of excited vibrational quanta of mode k,  k is the vibrational frequency of that mode, FC is the Frank-Condon factor.  This formula can be now applied to quantitatively explain the amplification of the vibronic 2PA components in Rhodamine B and other non-symmetrical chromophores. According to eq. (3) the shape of the 2PA spectrum is described by the sum of replicas of the 1PA spectrum that are shifted by integer multiples (0, 1) of the characteristic HT vibrational frequency,  a . Fig. 16 (b) shows the theoretical 2PA spectrum that is obtained by superimposing two replicas of the 1PA spectrum (dashed curves). The result (solid black curve) shows a very good correspondence with the experimental 2PA spectrum (red dots). Comparable quantitative correspondence was obtained with different types of non-symmetrical chromophores including oxazines and fluorescent proteins.
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